I
n February, a team of American and German oceanographers set out on a ship for a little-known destination in the middle of the Atlantic Ocean called North Pond. This patch of sea floor lies on the western flank of the MidAtlantic Ridge -the longest mountain range in the world -where the topography of the ocean bottom drops to form a 10-kilometre-long basin rimmed by underwater peaks.
For two weeks, Katrina Edwards, a geomicrobiologist from the University of Southern California in Los Angeles, and her team explored North Pond, collecting samples of the muddy sediments that fill the basin. From their ship, they dropped hollow coring tubes down through 4.5 kilometres of water and into the bottom muck. On lucky days, the equipment went straight through the sediment and struck the underlying rock, which bent the coring barrel into the shape of a banana. Although the collisions sacrificed a few pieces of pipe, they also yielded samples of the delicate interface between the rock and the sediment, one of the targets high on the researchers' wish list.
Edwards had come 7,000 kilometres to look for 'intraterrestrials' -the microbes inside the sediments and the rocks beneath, where not long ago it was thought that life could not exist. She is among a group of scientists who are learning just how resilient and pervasive life is in the deep earth, both under the sea floor and inside the continental crust. Nicknamed the 'iron maiden' by her colleagues, Edwards is particularly interested in those life forms that feast on iron and that colonize some of Earth's most inhospitable terrain: the igneous crust that reaches to some 500 metres below the ocean bottom. "What I study is essentially the tooth decay of the solid Earth, the microbes that inhabit the nooks and crannies of Earth's molars that are exposed at the bottom of the ocean, " says Edwards.
Such areas were largely inaccessible until the 1990s, when new techniques made it possible for scientists to make direct observations of this deep biosphere. In particular, oceanographers have developed sub-sea-floor laboratories known as circulation obviation retrofit kits (CORKs), which seal scientific instruments inside deeply drilled boreholes
The boundaries of biology reach farther below Earth's surface than scientists had thought possible. Amanda Leigh Mascarelli delves into how microbes survive deep underground.
and make real-time measurements of life in the deepest, darkest realms of the marine subsurface. To date, researchers have mounted only one scientific drilling mission, in 2002, that was wholly dedicated to this biosphere, but they are poised to launch four more by 2013 through the international Integrated Ocean Drilling Program. "We're right at the cusp of this major breakthrough, " says Edwards, who plans to return to North Pond in a year or two.
The North Pond study and others around the world are changing the way scientists think about the deep biosphere. Ten years ago, such low-life microbes were largely regarded as curiosities that represented one of the last frontiers on Earth. Now, scientists have come to appreciate these organisms as integral players in global cycles, helping to replenish key minerals in the ocean and even mediating the climate. "As the science matures, there is an ongoing sense of wonder about what's down there, but we're also coming to understand how they are involved in the biogeochemical cycling and the health of our planet, " says Rick Colwell, a geomicrobiologist from Oregon State University in Corvallis (see 'Mining value from deep life' , overleaf).
New findings are also leading to insights about the origins of life on Earth and how life might exist on other planets. Although the microbes turn up nearly everywhere that scientists search for them, they often seem to subsist at the very brink of survival, metabolizing so slowly that it has prompted fresh ideas about the limits of life.
Deep-sea sandwich
In 1955, Claude ZoBell, considered to be the father of marine microbiology, probed beneath the sea floor and found microbes there, decreasing in numbers down to a depth of about 8 metres 1 . At that time, researchers thought that life would peter out at some point not far below the seabed. Then in the late 1960s, an inadvertent experiment supported the notion of a depauperate deep sea, when the research submersible Alvin sank more than 1,500 metres after a cable snapped. The crew of three escaped safely through the hatch, but their lunches were left behind.
BIOLOGY'S DEEP DARK SECRETS
Subsurface microbial communities have been found within sub-sea-floor sediments, in the underlying ocean crust and far below the surface of the continents.
When the vessel was recovered 10 months later, the crew was surprised to find their stranded, soaked bologna sausage sandwiches and apples in nearly pristine condition, showing no sign of microbial decay. "This was the popular vision of the deep sea, being too extreme even for significant bacterial life, " says John Parkes, a geomicrobiologist at Cardiff University, UK. The notion of the deep sea as an uninhabitable desert persisted for decades, colouring thinking about the sea floor and what lay beneath it. Then, in the 1980s and 1990s, some of the first missions of the Ocean Drilling Program made it possible for researchers to dig deeper than ever before. When Parkes and his colleagues tried in 1990 to publish results in Nature showing that bacteria could colonize much greater subsurface depths than previously thought, they were met with "very sceptical reviews" and the paper was rejected, he says. But in 1994, they succeeded in publishing their results and reported viable microbes living in ocean sediments at depths greater than 500 metres below the seabed 2 .
Active bugs
That and subsequent studies showed that microbes could be cultured from samples obtained far below the sea floor. But the techniques at the time could not definitively show that the organisms were alive and actively metabolizing at such remarkable depths, leaving open the possibility that the deep bacteria were dormant, barely living. But in 2005, researchers led by Axel Schippers of the Federal Institute for Geosciences and Natural Resources in Hannover, Germany, showed the presence of intact membranes and ribosomes 3 -the first conclusive evidence that bacteria are thriving in 16-million-year-old sediments more than 400 metres deep. Last year, metabolically active microbes were reported in 111-million-year-old sediments buried as deep as 1.6 These hidden microbes are turning up in other unexpected places. In the late 1990s, researchers plumbing the depths of the continental crust in a South African gold mine discovered microbes living at about 3 kilometres below the surface. Plans are now under way to begin drilling in the deepest mine in North America: Homestake in South Dakota, which is to house the US Deep Underground Science and Engineering Laboratory. The mine reaches down nearly 2.5 kilometres, and researchers hope to drill from that depth into rock with temperatures exceeding 120 °C. "The deepest extent of the biosphere is currently unknown, " says Tom Kieft, an environmental microbiologist from the New Mexico Institute of Mining and Technology in Socorro. "If we drill deeply enough, we'll reach beyond the upper temperature limit for life, which is thought to be around 121 °C. "
Organisms that live in the deep biosphere bear little resemblance to surface bacteria such as Escherichia coli, which can be easily cultured in the lab and divide every few minutes. In the sub-sea floor, bacteria and another group of microbes called archaea are slow by comparison, says Bo Barker Jørgensen, a biogeochemist at Aarhus University in Denmark. For organisms buried beneath the surface of the continents, the first estimates suggested that they reproduce on a timescale measured in centuries 6 . And Tullis Onstott, a geomicrobiologist at Princeton University in New Jersey who pioneered much of the exploration for deep terrestrial life in South African gold mines in the late 1990s, estimates that subsurface microbes there may reproduce once every 1,000 years.
Energy crisis
Even with such low metabolic rates, it remains unclear how such organisms sustain themselves. "When we do the calculations, there's not enough energy down there at all for these organisms, " says Parkes. "They should all be dead. "
The sparse food present in the deep-sea sediments comes from the sunlit layers. There, photosynthesizing plants and algae digest organic matter that eventually rains down in the form of dead algal cells, faecal matter and marine detritus. It settles on the sea floor and accumulates in the sediments over millions of years. Scientists estimate that the majority of sub-seabed microbial communities graze on this deeply buried organic carbon, contributing to the 'deep carbon cycle' . Only those microbes beneath the sea floor can metabolize these gritty organic leftovers.
Like earthworms that plough the soil and recycle minerals and nutrients, these sub-sea-floor microbes produce carbon dioxide and methane and liberate key elements including nitrogen, sulphur and phosphorus from the sediments. And as fluids circ ulate through the crust, they carry microbes that can erode the rock, releasing iron and other elements. The circulating fluids take these nutrients back up into the ocean, where they can feed the growth of new biomass. "The carbon cycle of the oceans and of planet Earth reaches deeply into the subsurface biosphere and cannot be understood without the subsurface contribution," says Andreas Teske, a microbiologist at the University of North Carolina in Chapel Hill.
The discoveries of the past decade back up a portion of the 'deep hot biosphere' hypothesis, proposed in 1992 by the late Thomas Gold, an astronomer at Cornell University in New York. In a famous paper 7 , Gold argued that the subsurface supports a mass and volume of life rivalling that present on the surface. But Gold went further to speculate that the deep biosphere subsists on hydrocarbons rising from Earth's mantle, a vast energy source that continually refills oil deposits. That suggestion is no more accepted now than it was at the time.
Climate connection
Even as they help recycle nutrients, the microbes below the sea floor may also have an effect on the planet's climate. Archaea called methanogens produce methane as a by-product of their metabolism. Colwell is working to quantify the rates of that methane production and says that they sometimes fall below the detection limit 8 . Yet the methane builds up over geological timescales and contributes to the formation of 'hydrates' , icy cages of water molecules surrounding methane that become wedged in marine sediments. Most methane hydrates are thought to be generated by microbial processes 9 . Such deposits have apparently become destabilized at several times in Earth's past, releasing enough methanea greenhouse gas much more potent than CO 2 -to warm the planet substantially 10 . As the globe heats up because of human pollution, scientists are becoming increasingly concerned about the potential breakdown of methane hydrates that are trapped inside thawing Arctic tundra and shallow marine sediments.
Whereas the vast majority of microbes in the deep biosphere rely on leftover organic matter for food, others seem to be getting sustenance from an inorganic source. D'Hondt is investigating whether sub-sea-floor microbes may be obtaining energy from hydrogen that is produced when the radioactive decay of naturally occurring elements such as uranium, thorium and potassium splits water molecules into hydrogen and oxygen. The same process would have occurred on the early Earth more than 4 billion years ago, "and it should be occurring on Mars today", says D'Hondt. "We've found some evidence that as much energy is entering these [sub-sea-floor] ecosystems from radioactive splitting of water as from burial of organic matter. " As yet, though, the identity of any microbes making a living in this way is unclear, he says.
In the terrestrial biosphere, microbes found in a South African gold mine nearly 3 kilometres underground have a similar form of metabolism. They subsist on geologically produced sulphate and hydrogen, free from any dependence on energy derived from the Sun 11 .
Early Earth
Geomicrobiologists working in South Africa have also reported the first ecosystem that comprises a single bacterial species, Candidatus Desulforudis audaxviator, which lives out its lifetime in pitch darkness at 60 °C, some 2.8 kilometres beneath the surface of Earth 12 . This microbe seems to obtain its energy by reducing sulphate that is formed indirectly by the radioactive decay of uranium, and it can extract carbon and nitrogen from the surrounding rocks. Dylan Chivian, a computational biologist at Lawrence Berkeley National Laboratory in California and the lead author of the study, says that this single-species ecosystem "points to a mode of life that potentially is what early Earth might have been like", before the atmosphere held much oxygen.
The deep microbes discovered in mines are sometimes found in pockets of water that have been secluded for millions of years, practically making the organisms there living fossils. Fractures in the rocks periodically open and close due to tectonic shifts, locking the water and the microbes into what Barbara Sherwood Lollar, a geochemist at the University of Toronto in Ontario, calls a "series of time capsules". "In these hydrogeologically isolated systems of very great age, it raises all kinds of fascinating questions about how long the microbes have been there, how they've evolved and what that means for our understanding of the origins of life on the planet, " she says.
Because microbes that colonize the deep biosphere have mastered the art of living on the margin, the astrobiology community has also taken a keen interest in them. "Energy limitation is almost certainly a fact of life in extraterrestrial habitats, " says Teske. The anaerobic metabolic reactions that deep-dwelling microbes use are the very chemical reactions that are most likely to support life on other planets, he adds. "It's so fascinating that all this microbiology and these processes that were once considered to be in the realm of geology are really supporting a major part of life on Earth, " says Jørgensen. "It's like discovering a new continent. "
That sense of potential is what motivated Edwards and her colleagues during their recent trip to North Pond. In the waning days of the expedition, the team kept a frenzied pace collecting mud cores and storing them in refrigerators for the journey home. This cruise was a reconnaissance mission of sorts, which will set the stage for future expeditions. In 2010 or 2011, Edwards plans to return aboard the drill ship JOIDES Resolution that can penetrate rock and bore down some 500 metres into the crust. Once there, they plan to install a CORK observatory that will peer inside the intraterrestrial underworld and monitor that environment for a decade. These missions and others, Edwards hopes, will finally shed light on the deep dark biosphere and the lower limits of life itself. Enzymes, antimicrobials and antivirals isolated from sub-surface microbes hold promise for the biotechnology industry. One of these enzymes naturally detoxifies an environmental carcinogen from mining ore called hexavalent chromium. In addition, some microbes produce enzymes that can deposit metals such as gold, silver and platinum as nanoparticles. These nanoparticles have unique optical and magnetic properties that can be useful for drug delivery and other applications, says van Heerden.
Rick Colwell, a geomicrobiologist at Oregon State University in Corvallis and his colleagues are investigating the potential for microbes from the deep biosphere to mop up environmental contaminants such as trichloroethene, a chlorinated solvent that leaked into an aquifer in southeast Idaho as a result of industrial disposal. A community of microbes naturally present in the basaltic aquifer there uses methane in the subsurface as an energy source and co-metabolizes the contaminant, thereby slowly cleaning the water 13 . Colwell expects that these microbes, and other naturally occurring communities in the aquifer that metabolize organic compounds, could reduce clean-up costs by some US$7 million over coming decades.
Some deep microbial communities might even help humans tackle the problem of climate change. In a volcanically active region near Taiwan, a peculiar lake of liquid carbon dioxide exists under a bed of deep-sea sediments as a result of the extreme pressures 1,380 metres below the sea surface. Fumio Inagaki of the Japan Agency for Marine-Earth Science and Technology in Kochi and his colleagues have found a dominant community of anaerobic microbes that metabolize methane and sulphur and assimilate the CO 2 from the surroundings 14 . This community is a perfect natural laboratory to study the potential for disposing of CO 2 in the subsea floor, Inagaki says.
Colwell and his colleague Martin Fisk, a marine geologist, are investigating microbial communities that exist in deep volcanic rocks in eastern Washington state where CO 2 will be injected as part of a pilot-scale sequestration project. Colwell wants to know how the microbial communities will respond to the injected CO 2 and whether they can be used to help monitor and verify the presence of CO 2 for the purpose of a carbon-trading scheme in the future.
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Mining value from deep life
Rick Colwell (above) collecting detoxifying microbes (right) in an aquifer in Idaho.
